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Edited by Lukas HuberAbstract 2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) is an
endocrine disruptor that produces a variety of toxic eﬀects. We
have isolated a mouse homolog of the hWAPL gene, termed
mouse WAPL (mWAPL), as a target of TCDD by cDNA rep-
resentational diﬀerence analysis from mouse embryonic stem
cells. A statistically signiﬁcant increase in mWAPL expression
was observed at 0.1 lM TCDD in AhR/ mouse embryonic
ﬁbroblast cells. Interestingly, at 1 lM TCDD, mWAPL mRNA
levels decreased in AhR+/+ cells, but further increased in AhR/
cells. hWAPL and mWAPL were highly expressed only in testes
among normal tissue samples, and we observed mWAPL locali-
zation in the synaptonemal complex of testicular chromosomes.
In addition, mouse testes decreased the expression of mWAPL
mRNA after a single intraperitoneal injection of TCDD. Thus,
mammalian WAPL such as hWAPL and mWAPL may be in-
volved in spermatogenesis and be target genes mediating the
reproductive toxicity induced by TCDD.
 2004 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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In Drosophila melanogaster, the protein encoded by the
wings apart-like (wapl) gene regulates heterochromatin struc-
ture [1]. The wapl product is required to hold the sister chro-
matids of meiotic heterochromatin together. In addition,
wapl is implicated in both heterochromatin pairing during fe-
male meiosis and the modulation of position-eﬀect variegation
(PEV). Moreover, a P-element screen of Drosophila identiﬁed
wapl as a modiﬁer of chromosome inheritance [2]. Recently,
we have identiﬁed a novel human gene hWAPL that is a homo-Abbreviations: TCDD, 2,3,7,8-tetrachlorodibenzo-p-dioxin; AhR, aryl
hydrocarbon receptor; MEF, mouse embryonic ﬁbroblast
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doi:10.1016/j.febslet.2004.11.070log of wapl [3]. hWAPL is overexpressed in invasive human
cervical cancers and is often associated with cervical carcino-
genesis. However, the essential function of hWAPL in normal
cells is still unknown.
Dioxins, classiﬁed as endocrine disruptors, are ubiquitous
in the environment. 2,3,7,8-tetrachlorodibenzo-p-dioxin
(TCDD) is the most toxic dioxin and causes a variety of ef-
fects, including immunotoxicity, hepatotoxicity, teratogenic-
ity, and tumor promotion [4,5]. Changes in gene expression
induced by TCDD and related chemicals are initiated by
the binding of the compounds to the aryl hydrocarbon recep-
tor (AhR). AhR then dimerizes with the aryl hydrocarbon
receptor nuclear translocator to form a complex that interacts
with gene regulatory elements containing a xenobiotic re-
sponse element (XRE) motif [6]. AhR mediates many of
the TCDD-induced changes in gene expression. Many of
the target genes responsible for the symptoms of toxicity,
however, remain unidentiﬁed.
Previously, we performed a cDNA representational diﬀer-
ence analysis (RDA) of the cDNA derived from mouse ES cells
treated or not with TCDD in order to isolate genes induced by
TCDD. This procedure identiﬁed three genes, temporarily
termed Dioxin Inducible Factor 1, 2, and 3 (DIF-1, DIF-2,
and DIF-3), that were induced in TCDD-treated ES cells.
DIF-1 is identical to the gene encoding histamine releasing fac-
tor (HRF) [7] and DIF-3 is the gene encoding a novel protein
with a C2H2 zinc-ﬁnger domain [8]. However, DIF-2 has not
yet been characterized.
In this study, we have identiﬁed the gene corresponding to
DIF-2 as a mouse homolog of wapl and hWAPL, termed mouse
WAPL (mWAPL). We have also conﬁrmed the eﬀects of
TCDD on mWAPL expression and investigated the localiza-
tion of mWAPL protein in normal adult mice to reveal the
participation of mWAPL in TCDD-induced toxicity.2. Materials and methods
2.1. cDNA cloning and sequencing
To isolate the complete mWAPL cDNA, we used total RNA from
mouse testes. The full-length mWAPL cDNA was ampliﬁed by reverse
transcription-PCR with primers designed from a computer search. We
determined the nucleotide sequence of the cDNA with an Applied Bio-
systems 310 automated DNA sequencer.blished by Elsevier B.V. All rights reserved.
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AhR/ embryos were generated from intercrossed AhR+/ mice [9].
Mouse embryonic ﬁbroblasts (MEFs) of wild-type or mutant geno-
types were harvested from day 14.5 mouse embryos. MEFs were grown
as previously described [10]. 2,3,7,8-Tetrachlorodibenzo-p-dioxin
(TCDD) (Cambridge Isotope Laboratories, Inc., Andover, MA) was
prepared in dimethylsulfoxide (DMSO).2.3. RNA isolation, quantitative real time PCR, and Northern blot
analysis
RNA isolation was performed as described [10]. First strand cDNA
synthesis was performed as described [11]. Real time PCR analysis was
performed using the Smart Cycler System (Cepheid, Sunnyvale, CA)
with SYBR Green I (Cambrex, Washington, DC). Real time PCR uti-
lized mWAPL speciﬁc primers, 5 0-ACCTGGTGGAGTATA-
GTGCCC-3 0 and 5 0-TGGCAGAGACACCCAAGAAGC-30; mouse
b-actin speciﬁc primers, 5 0-AGCCTTCCTTCTTGGGTATGG-30
and 5 0-CACTTGCGGTGCACGATGGAG-3 0; or CYP1A1 speciﬁc
primers, 5 0-TTTGGTTTGGGCAAGCGA-3 0 and 5 0-GTCTAAGC-
CTGAAGATGC-3 0. Reaction mixtures were denatured at 95 C for
30 s, then subjected to 40 PCR cycles at either 95 C for 3 s, 68 C
for 30 s, and 86 C for 6 s for mWAPL, or 95 C for 3 s, 68 C for
30 s, and 85 C for 6 s for mouse b-actin and CYP1A1. mRNA levels
of mWAPL and CYP1A1 were determined by normalization of their
signals to b-actin signals. We performed the experiments to evaluate
mRNA levels in triplicate. The data were analyzed using Students t
test, and Ps < 0.01 were considered to indicate signiﬁcant diﬀerences.
For Northern blot analysis, the 567-bp DpnII fragment of mWAPL
cDNA and a PCR-ampliﬁed mouse b-actin cDNA fragment using the
primers described above were used as probes and labeled with 32P
using the Rediprime II random prime labeling system (Amersham Bio-
sciences, Piscataway, NJ). To examine hWAPL expression in various
human tissues, we used Human MTN Blot I, II and III (Clontech,
#7760-1, #7759-1 and #7767-1, respectively).2.4. Immunoblot analysis and Immunohistochemistry
To generate polyclonal antibodies against hWAPL, we immunized
rabbit against a 6· histidine-tagged hWAPL COOH terminus (ami-
no acids 814–1037) fusion protein and obtained an anti-hWAPL
polyclonal antibody (480-02). The anti-hWAPL polyclonal antibody
was used at the dilution of 1:2000 for Immunoblot analysis and
Immunohistochemistry. Immunoblot analyses were performed as
previously described [7]. Protein samples from adult mouse tissues
were prepared in RIPA buﬀer [7] and quantiﬁed using the BioRad
protein assay (Nippon Bio-Rad Laboratories, Tokyo, Japan). Immu-
nohistochemical analysis was performed on formalin-ﬁxed paraﬃn-
embedded sections using Ventana HX System Benchmark (Ventana
Medical Systems INC., Tucson, AZ). As a control of speciﬁcity, the
anti-hWAPL polyclonal antibody (480-02) was pre-incubated for 18
h at 4 C with a recombinant hWAPL protein and then applied to
immunohistochemistry.2.5. Immunocytology
The slides with surface-spread spermatocyte nuclei were pre-
pared for immunocytological analysis as previously described
[12]. Then, the anti-hWAPL polyclonal antibody (480-02) was di-
luted 1:400 and used as the primary antibody. After incubation
with the primary antibody, the slide was reacted with goat
anti-rabbit IgG conjugated to ﬂuorescein isothiocyanate. DNA
was visualized by counter-staining with 4 0, 6-diamidine-2-phenylin-
dole (DAPI).2.6. Animals and treatment
Guidelines for the care and use of animals were approved by
the animal research center at Tokyo Medical University. C57/
BL6 male mice (13 weeks old) were purchased from Oriental
Yeast Co., Ltd. (Tokyo, Japan). Each mouse received one intra-
peritoneal injection of 200 ll saline and 12.5 ll DMSO containing
TCDD at a dose of 600 lg/kg of body mass. Control mice were
injected with the same solution without TCDD. Testis samples
were harvested 24 h after injection and subjected to real time
PCR analysis.3. Results and discussion
3.1. Molecular cloning of mouse WAPL
Using BLAST, we found that the nucleotide sequence of the
DNA fragment corresponding to Dioxin Inducible Factor-2
(DIF-2) is included in mKIAA0261, which is a mouse
KIAA-homolog [13]. This suggested that DIF-2 might be a
homolog of the hWAPL gene because hWAPL corresponds
to the KIAA0261 cDNA fragment [3]. Thus, we renamed the
DIF-2 gene mouse WAPL (mWAPL). Based on the
mKIAA0261 sequence, we cloned and conﬁrmed the nucleo-
tide sequence of the full-length coding region of the cDNA
for mWAPL (Database Accession No. AB167349). Multiple
sequence alignment of the proteins encoded by mWAPL,
hWAPL, and wapl demonstrated that the three proteins are
similar not only in the WAPL conserved region [3], but
throughout the entire protein (Fig. 1) (mWAPL is 92% identi-
cal and 96% similar to hWAPL, and 24% identical and 45%
similar to wapl). Thus, the protein encoded by mWAPL may
be involved in heterochromatin organization, PEV modiﬁca-
tion and chromosome inheritance like the wapl protein in
Drosophila.
3.2. Eﬀects of TCDD on MEFs
To conﬁrm the eﬀects of TCDD on mWAPL expression, we
examined mWAPL mRNA levels in AhR+/+ and AhR/
MEFs treated with 0, 0.01, 0.1, and 1 lM TCDD for 2 h by
Northern blot analysis. Although mWAPL signals were on
the whole extremely weak and barely visualized by strong
enhancement, we found that mWAPL mRNA levels in
AhR/ MEFs showed the highest at 1 lM TCDD; in
AhR+/+ MEFs, on the other hand, mWAPL mRNA level at
0.1 lM TCDD was maximum (Fig. 2A). The two hybridiza-
tion signals observed for mWAPL are similar to those ob-
served in Northern blots for hWAPL and, as previously
discussed [3], may reﬂect the diﬀerence of the length of the
untranslated regions of the WAPL mRNAs.
To evaluate the mWAPL mRNA levels more accurately, we
performed quantitative real time PCR analysis and conﬁrmed
the expression pattern of mWAPL mRNA in AhR+/+ and
AhR/ MEFs (Fig. 2B). We did not ﬁnd signiﬁcant diﬀer-
ences of cell cycle proﬁle of these MEF cells by ﬂow cytometric
analysis (data not shown). Thus, although further investiga-
tion is required, the mWAPL gene may be inducible by TCDD
independent of the AhR-mediated pathway but downregulated
by a direct target molecule of TCDD in the AhR-dependent
pathway.
3.3. Expression of mammalian WAPL in testes
Our previous study showed that hWAPL is expressed only in
uterine cervical cancer among human tumor and normal con-
trol tissue samples examined [3]. Here, we examined mWAPL
expression in normal mouse tissues by Western blot analysis
and detected strong expression of mWAPL protein in the tes-
tes (Fig. 3A). Therefore, we also investigated hWAPL expres-
sion in various normal human tissues by Northern blot
analysis, and conﬁrmed that hWAPL mRNA was expressed
abundantly in the testes, with weak expression in all other nor-
mal human tissues (Fig. 3B). Two hybridization signals for
hWAPL mRNAs were visible in testes similar to MEFs (Fig.
2A) and previously reported results in cervical cancer tissues
[3].
              
                                                            
Fig. 1. Sequence alignment of WAPL homologs. The deduced amino acid sequences of mWAPL, hWAPL (Database Accession No. AB065003) and
Drosophila wapl (Database Accession No. U40214) were aligned using CLUSTAL W multiple sequence alignment program. (\) indicates positions
which have a single, fully conserved residue; (:) indicates that one of the following strong groups is fully conserved: (STA), (NEQK), (NHQK),
(NDEQ), (QHRK), (MILV), (MILF), (HY) and (FYW); and (Æ) indicates that one of the following weaker groups is fully conserved: (CSA), (ATV),
(SAG), (STNK), (STPA), (SGND), (SNDEQK), (NDEQHK), (NEQHRK), (FVLIM), and (HFY). The boxed region indicates the WAPL-
conserved region.
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Fig. 3. Expression of mammalian WAPL in testes. (A) Western blot
analysis of mWAPL in various normal mouse tissues. A Ponceau-
stained nitrocellulose membrane is also shown as a control for protein
loading (lower panel). (B) Northern blot analysis of hWAPL in various
normal human tissues. b-actin signals are also shown as loading
control. (C) mWAPL immunostaining in adult mouse testes. Forma-
lin-ﬁxed and paraﬃn-embedded 5 lm sections of mouse testes were
treated with an anti-hWAPL antibody (panels 1 and 2), or the
antibody after pre-absorption with a recombinant hWAPL protein as a
negative control (panel 3), a horseradish peroxidase-conjugated
secondary antibody, developed with diaminobenzidine, and counter-
stained with hematoxylin. Speciﬁc cell types in the seminiferous
epithelium are identiﬁed in panel 2: arrowhead, pachytene spermato-
cyte; arrow, round spermatid; asterisk, Sertoli cell. (D) Chromosomal
spread of spermatocyte at early zygotene ﬁxed and stained with anti-
hWAPL antibody and DAPI (panel 1, mWAPL; panel 2, DAPI; panel
3, mWAPL + DAPI). (E) Chromosomal spread of spermatocyte at
mid pachytene ﬁxed and stained for mWAPL and DAPI (panel 1,
Fig. 2. Eﬀects of TCDD on AhR+/+ and AhR/ MEFs. (A) Northern
blot analysis of mWAPL in AhR+/+ and AhR/ MEFs treated with
0.1% DMSO and 0, 0.01, 0.1, or 1 lM TCDD for 2 h. The blots were
hybridized with a probe for mWAPL (upper) and then reprobed with a
b-actin probe as loading control (lower). (B) mWAPL mRNA levels in
AhR+/+ and AhR/ MEFs treated with 0.1% DMSO and 0, 0.01, 0.1,
or 1 lM TCDD for 2 h were determined with quantitative real time
PCR analysis. The mWAPL mRNA levels were determined by
normalization of mWAPL signals to b-actin signals, and the maximum
mRNA expression level was arbitrarily set to 1 in the graphical
presentation (Y-axis). The data were obtained from three independent
experiments. Columns: means; bars: S.D. *, P < 0.001 versus the
AhR/ MEFs at 0 lM of TCDD.
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tes by immunohistochemical analysis using formalin-ﬁxed
mouse samples (Fig. 3C). The results showed that mWAPL
was expressed abundantly in large pachytene spermatocytes,
which are conspicuous for their size and loose organization
of their chromatin, whereas it was undetectable in condensing
forms of sperm (Fig. 3C, panel 2). We did not ﬁnd any positive
staining with the antibody after pre-absorption with a recom-
binant hWAPL protein (Fig. 3C, panel 3). These results sug-
gested that mWAPL is expressed predominantly in early
stages of spermatogenesis. similar results were observed in fro-
zen sections (data not shown).
We have also characterized the subcellular localization of
mWAPL in early spermatocytes by immunocytological stain-
ing. mWAPL immunoreactivity was detected at both zygotene
(Fig. 3D) and pachytene stage (Fig. 3E). The antibody stained
both unsynapsed and synapsed axial element components in
early zygonema, and localized to the fully synapsed bivalents
(synaptonemal complex) and the partially synapsed X and Y
chromosomes (Fig. 3E, panel 3). From these results, hWAPL
and mWAPL may be implicated in spermatogenesis. Although
additional evidences are required, we suspect that mammalian
WAPL may play a signiﬁcant role in meiosis as does Drosoph-
ila wapl [1].
Furthermore, because of the localization of mWAPL in
pachynema, we expect that mammalian WAPL functions in
homologus recombination and DNA recombination. DNA
double-strand breaks (DSB) constitute the most dangerous
type of DNA damage induced by ionizing radiation.The gene



















Fig. 4. Mouse testes exhibited a decreased level of mWAPL after
TCDD treatment. mWAPLmRNA levels in testes of mice treated with
or without TCDD (at a dose of 600 lg/kg of body mass) for 24 h were
determined by quantitative real time PCR analysis. The data represent
the means of eight samples. CYP1A1 mRNA levels were also
determined as a control for the eﬀects of TCDD on testes. The
mWAPL and CYP1A1 mRNA levels were determined by normaliza-
tion of their signals to b-actin signals, respectively, and the maximum
mRNA expression level was arbitrarily set to 1 in the graphical
presentation (Y-axis). Bars: S.E.
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DSB repair [14,15] and the alterations in recombination pro-
mote carcinogenesis by causing genomic instability. Therefore,
unscheduled expression of mammalian WAPL by human pap-
pilloma virus (HPV) [16], TCDD or other agents may cause an
inaccurately repaired or unrepaired DSB and result in muta-
tions or genomic rearrangements in surviving cells, which in
turn leads to genomic instability and subsequently results in
malignant cell transformation or defects in embryogenesis.
Recently, we have characterized another dioxin inducible
gene named Dioxin Inducible Factor 3 (DIF-3) that is highly
expressed in testes [8]. Interestingly, DIF-3 is expressed most
strongly in the large pachytene spermatocytes [8] similar to
mWAPL. However, we have not found any evidence of
functional association between mWAPL and DIF-3 until
now.
3.4. Downregulation of mWAPL expression by TCDD in testes
These results prompted us to examine whether the expres-
sion of mWAPL was inﬂuenced by TCDD in testes. Twenty
hours after the injection of TCDD into the abdominal cavi-
ties of C57/BL6 mice, we harvested the testes and analyzed
mWAPL expression by quantitative real time PCR analysis.
Because the CYP1A1 gene is a well-known target of TCDD,
we also calculated CYP1A1 mRNA levels to conﬁrm the ef-
fects of TCDD on testes. The mice exhibited a decrease in
mWAPL expression and a marked increase in CYP1A1
expression compared to control mice (Fig. 4). This result
suggests that TCDD exposure aﬀects mWAPL expression
levels in testes.
In recent years, several reports have focused on certain man-
made toxins known as endocrine disrupting chemicals (EDCs)
that persist in the environment. These chemicals are capable of
altering the endocrine homeostasis of an animal, thereby caus-
ing serious reproductive and developmental defects as well as
testicular oncogenesis [17–19]. Several studies have also pro-
vided evidence of a decline in semen quality and/or sperm
counts over the same period [19]. Our previous study demon-
strated that hWAPL overexpression induces carcinogenesisand tumor progression, and that hWAPL reduction by small
interfering RNA (siRNA) induces cell death [3]. These obser-
vations suggest that unscheduled changes in hWAPL expres-
sion can cause severe damage to cells. Thus, although more
experiments are needed to provide direct evidence linking
mammalianWAPL with TCDD-induced reproductive toxicity,
the present study suggests that mammalian WAPL may be a
target gene mediating the reproductive toxicity of TCDD.Acknowledgments:We thank E. Aoki, Y. Matsunaga, H. Sanai, S. Tsu-
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